. MD-infected birds, immunologically responsive to Salmonella pullorum antigen, were observed to be hypergammaglobulinemic, and unresponsive birds were hypogammaglobulinemic compared with uninfected controls; the difference was associated with the immunoglobulin (Ig) G (14) . Serum immunoglobulin levels have been compared in uninfected birds of' resistant and susceptible lines, and although resistant birds had a tendency to higher levels, this difference was not considered sufficient to explain the absolute difference in outcome after challenge (18) .
Here we characterize the antibody response of immunologically competent resistant and susceptible birds to virulent MD virus, and observe the alterations in serum immunoglobulins after infection. We conclude that genetic differences in susceptibility are not manifest through primary differences in the humoral immune system.
(This paper is part of a thesis submitted by D.A.H. to Comnell University in partial fulfillment of the requirements for the Ph.D. degree.)
MATERIALS AND METHODS Birds. N-line (resistant) and P-line (susceptible) White Leghorn Fowls were obtained from the Department of Avian Diseases' pathogen-free flocks (7) .
Rabbit antisera. Preparation of antisera specific for fowl IgM, IgG, IgA, and albumin (RAFM, RAFy, RAFa, and RAFA) has been described (18) . Fluorescein-labeled fowl antiserum to rabbit immunoglobulins. Immunoglobulins were separated from 30 ml of rabbit serum by precipitation with 30 ml of saturated (NH4)2SO4, centrifugation, and resuspension in 30 ml of 0.1 M phosphate-buffered saline, pH 7.8 (PBS) . After reprecipitation with 15 ml of saturated (NH4)2SO4, centrifugation, and resuspension in 30 ml of PBS, the solution was dialyzed for 24 h at 4 C against PBS. The immunoglobulin solution was injected into the pectoral muscles of 12 3-week-old fowls at the rate of 1 ml per bird. They received a similar injection 10 days later, and were exsanguinated 1 week after the second injection. The serum was referred to as "fowl anti-rabbit globulin antiserum" (FARG) . Immunoglobulins were separated from FARG by precipitation with Na2SO4 (3) and conjugated with fluorescein isothiocyanate (FITC) at the rate of 1 mg of FITC to 70 mg of protein.
Unconjugated FITC was removed by filtration through Sephadex G-25 (Pharmacia Fine Chemicals), and protein of aberrant charge was removed by ion exchange chromatography through diethylaminoethyl-cellulose (Sigma Chemical Co.). The conjugate had a precipitin titer of 1:2 against normal rabbit serum and a fluorescein-to-protein ratio (47) of 2.0 ,ug of FITC per mg of protein.
Serum fractionation. Density gradient ultracentrifugation was performed as previously described (18) .
Radial immunodiffusion. Serum IgM, IgG, IgA, and albumin were measured by radial immunodiffusion as previously described (18) .
MD virus inoculum. The JM isolate (34) of MD virus in cultured chicken kidney cells was used throughout. The stock virus originated after an unknown number of passages through fowls. It was clone purified (7) and passaged four times through cultures of chicken kidney cells, once more through fowls, and twice more through cell culture. Infected kidney cells were at this time harvested and stored in liquid nitrogen (41) . For inoculation the cells were thawed and suspended in tissue culture medium. Inoculation was by the intramuscular route at the rate of 100 tissue culture focus-forming units per bird, as determined by previously described titration procedures (9) . The pathogenicity of the JM strain of MD virus for N-and P-line birds has been examined in detail (7) .
Agar gel diffusion and virus neutralization tests. These were performed as previously described (5 In the final stage, the titer of antibody in each immunoglobulin class observed in the second stage to possess antibody activity was determined. Serial twofold dilutions of the test sera were applied to cover slips. They were incubated and washed, and then the appropriate rabbit antiserum was used at the standard 1:2 dilution. The final application was the FITC-conjugated FARG. The titer of antibody was taken as the highest dilution of test serum giving clear-cut fluorescence.
Statistical analysis. Immunoglobulin levels in various groups of birds on selected days were examined by analysis of variance (39) .
Experimental design: experiment 1. Ninety Nline and 90 P-line chicks were hatched and reared until 36 days of age in conditions free from exposure to MD virus. At 36 days of age (day 0 of experiment), 60 N-line and 60 P-line birds were moved to a virus isolation unit and infected with MD virus. The other 30 N-line and 30 P-line birds were kept at the original location as uninfected controls. Infected birds were examined frequently for symptoms of MD, and necropsy examination was performed on all dead birds. Blood samples were collected daily from experiment day 0 to day 10, then every other day until day 22, and then twice weekly until day 56 (92 days of age). Five N-line and five P-line birds were bled on each occasion. No individual bird was bled more often than once every 12 days. Control birds were bled once each week, starting at 22 days of age, 14 days before movement and inoculation of the infected group, and finishing at 92 days of age. Five N-line and five P-line control birds were sampled at each bleeding. Sera were examined for precipitating and neutralizing antibodies to MD virus. Fluorescent antibody tests were done to assess the presence of antibody activity in the three immunoglobulin classes. The IgM, IgG, IgA, and albumin content of each serum was measured by radial immunodiffusion. Selected sera (two N-line and two P-line serums selected on the basis of class and titer of antibody from bleedings 9, 20, and 43 days after infection) were fractionated by ultracentrifugation. Six fractionations were made of each serum, and the respective fractions from each gradient were pooled. Fractions were examined for the presence of immunoglobulins by gel diffusion against RAFu, RAF-y, and RAFa and for antibody activity to MD virus by gel diffusion, virus neutralization, and fluorescent antibody.tests. Experiment 2. One hundred and forty N-line and 140 P-line chicks were hatched and raised in conditions free from exposure to MD virus. At 17 days of age, 90 N-line and 90 P-line birds were transported to isolation units at a separate location and separated into two groups each of 45 N-line and 45 P-line birds. The other 50 birds of each line were kept at the original location as uninfected controls and will be referred to as group A. The two groups housed in isolation units (groups B and C) were inoculated at 36 days of age (day 0 of experiment). Group C received MD virus inoculum. Group B received 0. (20) of the infected P-line birds had died. There were no signs or deaths in infected N-line or in the uninfected control birds of either line.
The development of precipitating antibodies is shown in Fig. 1 . Precipitating antibodies were first seen in some P-line birds 7, 9, and 13 days after infection, and in N-line birds 15 days after infection. From the 22nd day after infection throughout the remainder of the experiment, VOL. 11, 1975 precipitating antibodies were found in both genetic strains and increased progressively. The only difference between the N-and P-lines was the slightly earlier appearance of precipitins in the P-line. Uninoculated control birds were negative for precipitating antibodies throughout the experiment. The mean virus-neutralizing antibody titers are shown in Fig. 2 . Some infected birds of both lines had detectable neutralizing antibodies 6 days after infection. A brief peak of antibody activity occurred during the second week after infection. After this initial peak, antibodies in the N-line birds increased gradually during the remainder of the experiment. P-line birds did not produce such consistent levels of neutralizing antibodies during this part of the experiment. Although peaks of considerable activity were sometimes seen, neutralizing antibodies in the P-line birds were generally inferior to the levels in N-line birds. Uninoculated control birds gave negative reactions in the virus neutralization test throughout the experiment.
Antibodies were first detected by the fluorescent antibody test 5 days after infection in P-line birds and 7 days after infection in N-line birds. Thereafter, the test gave positive reactions for the duration of the experiment. bleeding with respect to the immunoglobulin classes involved. IgM antibodies were detected from 5 to 12 days after infection in P-line birds, with peak IgM titers 10 days after infection. In N-line birds IgM antibodies were found only on days 7, 8, and 9, with peak titers on day 9 . This IgM activity corresponded with the first peak of neutralizing antibodies. IgG antibodies were first observed 7 days after infection in P-line birds and 8 days after infection in N-line birds. They increased rapidly in both lines during the next week, reaching mean titers of 1:25 to 1:100. These levels were maintained, with fluctuations, for the remainder of the experiment. In ultracentrifugal analysis, the correlation between early (9 days after infection) virus-neutralizing and fluorescing antibodies and heavy immunoglobulins (presumably IgM) was confirmed. Later (20 and 43 Fig. 4 . Two days after infection, IgM levels ( Fig. 4A) were double those of the control birds in both lines. IgM levels continued to rise and by 8 days after infection were three to five times higher than the control groups. There was no difference between the two genetic lines, but the difference between infected and control birds was significant-(P < 0.05). Between 8 and 12 days after infection the IgM levels dropped to about one-quarter of the levels in the control birds. The subnormal levels of IgM were significantly different (P < 0.01) from control birds and were maintained until 20 days after infection. Thereafter, IgM levels rose. Infected P-line birds achieved and maintained levels comparable to uninfected control birds. The IgM levels of infected N-line birds, however, rose to levels about double those of uninfected controls or of infected P-line birds. The IgM levels of infected N-line birds were significantly higher (P < 0.01) than those of infected P-line birds or I I t uninfected N-line birds.
Mean IgG levels are shown in Fig. 4b . About 20 days after infection, increases in IgG occurred in infected birds. By 35 to 40 days after infection, infected birds had six to eight times the IgG seen in uninfected birds. There was no difference between infected birds of the two genetic strains. The high levels of IgG in infected birds were maintained throughout the remainder of the experiment and were statistically significant (P < 0.01). Figure 4C shows the mean IgA levels. The pattem was similar to that seen with IgM. A rise in IgA levels occurred in infected birds during the first few days after inoculation. These increases were statistically significant (P < 0.05). These initially high levels dropped off 8 to 10 days after infection, and subnormal levels (P < 0.01) were maintained for the next 10 days. VOL. 11, 1975 experiment, IgA levels in infected N-line birds were comparable to those in uninfected controls, whereas infected P-line birds had slightly but not significantly lower levels than the P-line controls.
There was no difference in levels of serum albumin between infected and control birds during the experiment (Fig. 4D) . Experiment 2. Group A birds (unmoved and uninoculated controls) had serum protein levels similar to control birds during experiment 1. After moving the birds at 17 days of age (groups B and C), no significant quantitative alterations of serum immunoglobulins were seen. Similarly, after inoculation of chicken kidney cell suspension at 36 days of age (group B), no deviation from control levels was observed. However, after inoculation of MD virus-infected chicken kidney cell suspension at 36 days of age (group C), changes were seen similar to those in infected birds in experiment 1.
DISCUSSION
To evaluate the response of N-and P-line birds to MD, 5-week-old birds were used. This, it was hoped, would avoid the neonatal period when even so-called resistant birds can succumb to infection (7) . The result was a model with clear genetic distinction in susceptibility and a high degree of immunological competence. Antibodies were observed in both genetic lines, and although N-line birds in general had higher titers of virus-neutralizing and indirect fluorescing antibodies than P-line birds, this difference was neither great nor consistent. On a given sampling day some P-line birds would have antibody titers equal to or greater than those of most N-line birds. Nevertheless, these birds would probably in time succumb to MD. Thus, the meaning of antibody titer in terms of bird survival is difficult to assess. A general correlation between virus-neutralizing antibodies and fluorescing antibodies was seen, but no obvious correlation existed between precipitating antibodies and the other antibody assays, or between precipitating antibodies and survival; this has been recorded previously (5 with greater potential for precipitation than the other and some selective differences in the occurrence of these subclasses; this explanation seems unlikely since IgG subclasses have not been positively identified in the fowl. Functional capabilities, in terms of antigen-binding capacity, avidity, or functional susceptibility to environment (e.g., the high-salt environment provided by the gel diffusion test for MD), of the IgG antibodies of these two genetic lines might differ. An additional possibility is that the various antibody assays are in fact measuring antibodies to different viral antigens. The different antibody responses of genetically resistant and susceptible lines would then be controlled by the degree of exposure of each host to these viral antigens. This concept is compatible with observations that in susceptible birds the amount of viral antigen in many tissues is greater than in resistant birds (8, 40) .
The immunoglobulin class of MD virus antibodies was assessed by an indirect fluorescent antibody test, and the results were confirmed by preparative ultracentrifugation of selected sera.
Since three of the reagents of the fluorescent antibody test (the target cell antigen, the MD virus antiserum, and the FARG) originated from fowls, and only one (rabbit anti-fowl globulin antiserum) from rabbits, a high level of specificity was observed. An additional control on specificity was the morphology of the MD virus-infected foci, which were easily distinguished from background fluorescence. The dynamics of the antibody response were similar to that recorded for many antigens in the fowl, i.e., an initial and transient IgM response followed by IgG antibodies. The similarity, quantitative and temporal, in IgM antibodies between the two genetic lines suggests that there is not a primary deficiency in the humoral immune system of susceptible fowls. In the fluorescent antibody test, IgG antibodies were seen soon after IgM antibodies. In the neutralization test, however, an initial clear-cut phase of activity, corresponding with IgM in both indirect fluorescent antibody tests and ultracentrifugal analysis, was followed by a short lag before the onset of the secondary, IgG phase. The indirect fluorescent antibody test is a direct assay of antigen-antibody interaction, and avidity probably plays little part in the result. However, some degree of avidity is presumably required systems that avidity, in any immunoglobulin class, tends to increase during the course of the immune response (13, 15, 33, 46) , whereas efficiency in virus neutralization increases markedly with increases in antibody valence (4) . Although this is the first report of a transient peak of virus-neutralizing antibody to MD virus 6 to 12 days after infection, it is in agreement with other observations at this laboratory; previous reports have not examined such early aspects of the immune response to MD virus.
IgA antibodies were not demonstrated. Since the natural route of infection is considered to be via the respiratory tract, a protective value for the secretory immune system would seem logical. Infection with complete, cell-free virus via the respiratory tract might produce a different local immune response than would exposure to systemic cell-associated virus as used in these experiments. However, even in long-standing infections by natural routes involving heterogeneous populations of field virus, IgA antibodies are not demonstrable in serum or bile (Higgins, unpublished observation). In the context of the present knowledge of the functions of the secretory IgA system it was, perhaps, not surprising that specific activity to MD virus was not observed. Most clinical data has arisen from the human species, but only relatively few infectious agents have been shown to stimulate antibodies of the IgA class. These include influenza virus (12) , poliovirus (25) , rhinovirus (27) , and Vibrio cholera (43) . In the fowl, Newcastle disease virus antibodies in respiratory secretions have been demonstrated after intranasal, but not intramuscular, administration of inactivated virus (48) . Examination of these secretions showed that only IgG antibodies were present (49) . It is unfortunate that these workers did not attempt intranasal vaccination with live virus, for it is possible that infectivity and persistence are two properties of the Newcastle disease virus which could affect the outcome of the immune response. Live virus is, however, not essential to obtain an IgA antibody response in respiratory secretions of humans vaccinated against influenza by the intranasal route (23, 44) .
The alterations in serum immunoglobulins were monitored by radial immunodiffusion. At various times after infection, significant differences were observed between infected and control birds. The specificity of these changes to the immunoglobulin system was implied by the lack of fluctuation in serum albumin. The increase in immunoglobulins commencing 2 to 6 days after infection coincides with the time of initial virus localization in the central lymphoid organs (1, 7, 28) . These serum protein alterations might, therefore, reflect the initial infection of immunoglobulin-producing cells, resulting in functional disturbance of these cells and the release of intracellular immunoglobulins. The low levels of IgM and IgA during the second and third weeks of the infection probably coincided with the time of maximal virus-induced damage of the central and peripheral lymphoid organs (5, 30) . The recovery of normal levels of these proteins could reflect the eventual repair of most of the lymphoid necrosis.
The ultimate increase in levels of serum IgG seen in birds of both genetic lines infected with MD virus corresponds with the observations of other workers (19, 31, 32, 45) , although in these cases electrophoretic analysis was used, rather than quantitation of individual proteins as in the present study. An important question resulting from this observation is: What is the origin of this immunoglobulin? It is tempting to consider the high levels of IgG to reflect the abundant lymphoid tissue, both infiltration and lymphoma, often seen in MD-infected fowls. The explanation is not, however, compatible with the observation that comparable increases in IgG occurred in both resistant and susceptible birds, whereas lymphoma formation and infiltrative lesions are much more severe in susceptible birds. The functional capabilities of this IgG, in terms of antibody activity to MD virus or other antigens, is unknown. However, such aberrant levels suggest marked quantitative dysfunction of the IgG system and could be associated with incapacitation of antibody production in birds infected with MD. The increase in IgM levels in the resistant birds during the later part of the experiment was the only immunoglobulin alteration which occurred only in the resistant line. Its significance in terms of survival is difficult to interpret since at this time no IgM antibodies could be demonstrated. These quantitative changes might relate to the observation (14) that in MD-infected birds that responded to S. pullorum the antibodies were IgM, whereas in uninfected controls a shift from IgM to IgG was seen.
The different effects of MD infection on the three immunioglobulin classes were somewhat surprising in the light of conventional theories of the origin of immunoglobulin-producing cells. If IgG-and IgA-producing cells arise by functional modulation of a common IgM-producing stem cell (10, 20, 21) , the effects of viral involvement of the immunoglobulin-producing system should be reflected in similar changes throughout the immunoglobulin classes. Recent evidence obtained by comparing the effects of different techniques of bursectomy has, however, suggested the existence of different populations of immunoglobulin-producing cells (22, 26) perhaps arising by dissemination of stem cells to many organs (2, 16, 17) . A population of thymus cells might even be derived from the bursa (50). There is mounting evidence that IgA-producing cells can differentiate from IgMproducing cells without first passing through an IgG phase (24, 26) . Thus the apparent differences in the behaviour of IgM, IgG, and IgA after infection with MD can be related to a common phenomenon, namely, viral destruction of the bursa and its related tissues, if subpopulations of cells with different functions and different susceptibilities or responses to MD virus are postulated. The ultimate increase in IgG is even compatible with the concept that the immunoglobulin changes are a result of bursal damage. Several workers (10, 29, 42) have observed high levels of IgG in the serum of bursectomized chicks that simultaneously could not make antibodies.
If genetic susceptibility to MD is mediated through the humoral immune system, one or more of several quantitative and functional differences between genetic lines should emerge. There might, for example, be a significant lack of one or more immunoglobulin classes, a possibility which has already been excluded (18) , inability to make antibodies, either in general or in particular to the MD virus, or functional inability of the antibodies to protect the host. The primary (IgM) antibody response was in all respects similar in both resistant and susceptible birds, suggesting no difference between these lines in initial ability to recognize and respond to MD virus. Later some dichotomy was seen, with somewhat more efficient antibody production in the genetically resistant birds. By this stage all antibody activity was IgG, and any differences between lines could reasonably be attributed to viral damage to the lymphoid tissue, i.e., a deficiency secondary to the infection. The basic question that remains is whether the mechanism of genetic resistance is indeed immunological. That it is an antibody-mediated mechanism seems unlikely, for significant levels of antibody are not produced before about 8 days after infection, at which time passively acquired antibodies have little effect on the subsequent pathogenesis of MD (6) . Studies in other areas are therefore indicated, including the cell-mediated immune response, involvement of the reticuloendothelial system, and the control of immunological responsiveness to MD virus by immune-response genes.
